In this chapter, we provide a focused review on a highly challenging subset of head and neck paragangliomas, that is, those arising from the skull base (jugulotympanic region). Presently, these tumors can be cured only with surgery, which must be performed in highly specialized skull base surgical centers. We review here the clinical presentation, diagnostic workup, classification, and surgical management of these rare but important tumors, together with currently available evidence concerning genetics, developmental origin, and pathology.
INTRODUCTION
Paragangliomas of the head and neck can be classified as temporal bone paragangliomas (TBP) (tympanomastoid and tympanojugular paragangliomas [TJPs] ) and neck paragangliomas (vagal and carotid body paragangliomas) according to their presentation (1) . Indeed, paragangliomas can arise from more than 20 locations in the head and neck, but they are very rare in other sites. Tympanomastoid paragangliomas arise within the inferior tympanic or mastoid canaliculi, while TJPs arise from the paraganglia of the adventitia of the jugular bulb (JB).
TJPs present a challenge for the treating physician because of the fact that these tumors are vascular, locally aggressive, and involve important neurovascular structures, like the internal carotid artery (ICA), the JB, the facial nerve (FN) and the lower cranial nerves (LCNs, CN IX, X, XI, XII). Because of their slow and silent growth, there is often a delayed presentation, with cranio-temporo-cervical extensions that, in the past, left them inoperable. However, many developments in the past decades have changed this situation. Various rational approaches have been described to access different parts of the skull base after a thorough understanding of the anatomical and surgical characteristics, making it easy and safe to remove tumors in the area. This has also been aided by technical advances in microsurgery, neuromonitoring, neuroanesthesia, and neuroradiology. All this has resulted in surgery having emerged as the mainstay of treatment for TJPs. According to the Fisch classification of TBPs, TJPs are traditionally classified into classes A, B, C, and D based on the location and extension assessed by highresolution computed tomography (HRCT). This was subsequently modified by Sanna (2) to include sub-classifications and an additional class V, comprising tumors that involve the vertebral artery (VA) ( Table 1 ).
CLINICAL PRESENTATIONS
A pulsatile middle ear mass is pathognomonic of a temporal bone paraganglioma (3, 4, 5, 6) . The classically described blanching of the middle ear component, that is, Brown' s sign, is present in 20% of the cases (6) . Otoscopy alone is not reliable to assess the extent, most significantly related to the degree of hypotympanic extension (6) . TBPs invading the tympanic bone from the jugular fossa may show what is called the "rising sun" sign. Paragangliomas can also extend through the tympanic membrane and be confused with an inflammatory polyp. Occasionally, otorrhagia can be a significant clinical symptom.
The most common presenting symptom of a TJP is that of hearing loss, present in approximately 60-80% of the cases, with pulsatile tinnitus also affecting the majority of the patients (60-80%) (3, . Hearing loss is usually conductive because the tumor compresses or erodes the ossicular chain, or due to effusion. Given the slow growth and the nonspecific nature of the symptoms, patients present with an average of 2-3 years delay after the onset of the symptoms.
When the inner ear is invaded, there can be sensorineural hearing loss or vestibular symptoms. Lower cranial nerve deficits usually develop secondary to invasion of the medial wall of the jugular fossa. Cranial nerve deficits can be (3, 8, (25) (26) (27) (28) (29) . A jugular fossa pathology must be kept in mind for patients presenting with isolated or multiple LCN palsies. Vocal fold paralysis, presenting with a change in voice, is the most common clinical scenario (30) . Palatal asymmetry strongly suggests a skull base pathology involving the glossopharyngeal or vagus nerves. Complete cranial nerves examination, including palpation of the neck and upper aero-digestive tract endoscopy, is an integral part of the examination for TBPs.
DIAGNOSTIC WORKUP
The study of axial and coronal HRCTs is mandatory for the diagnosis of TJPs. When the jugular foramen is involved, T1, T2, and T1 with gadoliniumenhanced sequences, MR angiography and venography are necessary (31) . A 4-vessel angiography is reserved for difficult cases with ICA and VA involvement. Since TJPs cannot be biopsied due to their vascularity, the diagnosis is based solely on radiology. Hence, it is important to identify and diagnose the pathologies by radiology, which in turn influences management options, surgical approach, and prognosis (31) .
High-resolution computed tomography
The bone erosion seen on high-resolution CT scans of TJPs is classically described as a "moth eaten" appearance. The margins of the jugular fossa may be irregular and expanded, with evidence of erosion of the caroticojugular crest or jugular spine. In advanced cases, the entire jugular foramen may be destroyed. However, it is very important to differentiate tympano-mastoid paragangliomas from TJP by identifying the margins of the jugular foramen. If the jugular foramen is found to be by and large free of tumor or anatomical distortion, it is most likely to be a tympanomastoid paraganglioma. Magnetic resonance imaging (MRI) can be done then to distinguish the two entities (6).
Magnetic resonance imaging
MRI is very useful in mapping TJP. It provides information about the extent of the tumor, both into the neck and intracranially. The incidence of intracranial extension in TJPs is about 60-75% and the rate of intradural involvement is approximately 30% (3, 8, 32, 33) . Paragangliomas show low to intermediate intensity in T1 signal and high intensity in T2 signal. A classic "salt and pepper" pattern appearance can be seen in lesions >2 cm, especially in T2 images. This is due to areas of hyperintensity on T2 images because of slow flow within the tumor and the presence of intratumoral vasculature appearing as flow voids (31, 34, 35) . Dural invasion is difficult to detect due to the fact that the dura is often pushed medially rather truly infiltrated. MRI also gives information regarding invasion into the marrow spaces of the skull base, with obliteration of the normal fatty signal. Along with T1, T2, and contrast studies, other sequences used to study paragangliomas are dual T2 fast spin echo sequences, non-contrast and contrast time of flight sequences, as well as contrast magnetic resonance angiography (MRA) and venography (MRV) along with three-dimensional (3D) reconstructions (36) .
Angiography
Angiography is important both for the diagnosis and for the management of TJPs. Paragangliomas demonstrate a characteristic blush and rapid venous diffusion. Angiography also demonstrates the vascular supply of the tumor, the degree of ICA involvement, the contralateral cerebral blood flow, the venous drainage, and aids in pre-operative embolization in case of surgery.
CHOOSING THE RIGHT APPROACH FOR THE JUGULAR FOSSA
The jugular foramen is a very complex area closely encompassing critical neurovascular structures. The most important goal with surgeries in this area is to achieve optimal exposure of the structures while minimizing the damage and to obtain proximal and distal exposures of the important arteries and veins (13, 37, 38) . The two essential facts to be considered while obtaining adequate surgical exposure are (i) whether the FN needs to be mobilized and (ii) whether the middle ear can be preserved. The next most important aspect is the degree of ICA involvement, followed by the extent of intracranial extension.
The infratemporal fossa approach (ITFA) type A is the workhorse of TJP surgery ever since it was first described by Fisch and Pillsbury in 1979 (39) . ITFA-A allows access to the jugular foramen, the infralabyrinthine areas, the apical compartments of the petrous bone, and the vertical segment of the internal carotid artery ( Figure 1A ). The key feature in this approach is the anterior transposition of the FN, which opens up the above-mentioned areas for dissection ( Figure 1B) . The other structures that prevent lateral access to these areas include the tympanic bone, the digastric muscle, and the styloid process ( Figure 1C ), which are removed to obtain unhindered access. The morbidity with ITFA-A includes conductive hearing loss, temporary or permanent dysfunction of the FN, and temporary masticatory problems.
SURGICAL STEPS
A postauricular skin incision is performed. A small, anteriorly based musculoperiosteal flap is elevated to help in closure afterward. The external auditory canal is transected as before. The FN is identified at its exit from the temporal bone. The main trunk is found at the perpendicular bisection of a line joining the cartilaginous pointer to the mastoid tip. The main trunk is traced in the parotid until the proximal parts of the temporal and zygomatic branches are identified. The posterior belly of the digastric muscle and the sternocleidomastoid muscle are divided close to their origin. The internal jugular vein and the external and internal carotid arteries are identified in the neck. The vessels are marked with umbilical tape. The skin of the external auditory canal, the tympanic membrane, the malleus, and the incus are removed. A canal wall-down mastoidectomy is performed, with removal of the bone anterior and posterior to the sigmoid sinus. The FN is skeletonized from the stylomastoid foramen to the geniculate ganglion. The last shell of bone is removed using a double-curved raspatory. The suprastructure of the stapes is preferably removed after cutting its crura with microscissors. The inferior tympanic bone is widely removed, and the mastoid tip is amputated using a rongeur. A new fallopian canal (arrow) is drilled in the root of the zygoma superior to the Eustachian tube. The FN is freed at the level of the stylomastoid foramen using strong scissors. The soft tissues at this level are not separated from the nerve. The mastoid segment is next elevated using a Beaver knife to cut the fibrous attachments between the nerve and the fallopian canal. The tympanic segment of the nerve is carefully elevated, using a curved raspatory, until the level of the geniculate ganglion is reached. A non-toothed forceps is used to hold the soft tissue surrounding the nerve at the stylomastoid foramen, and anterior rerouting is carried out. A tunnel is created in the parotid gland to lodge the transposed nerve. The tunnel is closed around the nerve using two sutures. A closer view shows the FN in its new bony canal, just superior to the Eustachian tube. The nerve is fixed to the new bony canal using fibrin glue. Drilling of the infralabyrinthine cells is completed, and the vertical portion of the internal carotid artery is identified. The mandibular condyle is separated from the anterior wall of the external auditory canal using a large septal raspatory. The Fisch infratemporal fossa retractor is applied, and the mandibular condyle is anteriorly displaced, with care being taken not to injure the FN. The anterior wall of the external auditory canal is further drilled, thus completing the exposure of the vertical portion of the internal carotid artery. A small incision is made in the posterior fossa dura just behind the sigmoid sinus, through which an aneurysm needle is passed. Another incision is made just anterior to the sinus to allow for the exit of the needle. The sinus is closed by double ligation with a Vicryl suture. Suture closure of the sinus, however, may lead to gaps in the dural incision, with a higher risk of cerebrospinal fluid leakage postoperatively. Alternatively, the sigmoid sinus can be closed with Surgicel extraluminal packing. The structures attached to the styloid process are severed. The styloid is fractured using a rongeur and is then cut with strong scissors. The remaining tough fibrous tissue surrounding the internal carotid artery at its ingress into the skull base is carefully removed using scissors. The internal jugular vein in the neck is double ligated and cut or closed with vascular clips (easier and faster method). The vein is elevated superiorly, with care being taken not to injure the related LCNs. In cases in which the 11th nerve passes laterally, the vein has to be pulled under the nerve carefully to prevent it from being damaged. If necessary (as in the case of TJPs), the lateral wall of the sigmoid sinus can be removed. Removal continues down to the level of the JB. The lateral wall of the JB is opened. Bleeding usually occurs from the apertures of the inferior petrosal sinus and the condylar emissary vein. This is controlled by Surgicel packing. If there is limited intradural extension, the dura is opened without injury to the endolymphatic sac. At the end of the procedure, the Eustachian tube is closed by a piece of muscle. The dural opening is closed by a muscle plug or with only abdominal fat. We never use a rotated temporalis muscle (as suggested by Fisch) in order to avoid esthetic problems but the sternocleidomastoid muscle and the digastric muscle are sutured together and the temporalis muscle is left in its place.
EXTENSIONS OF THE INFRATEMPORAL FOSSA TYPE A APPROACH (ITFA-A)
Based on the ITFA-A approach, various extensions can be added depending on the extent of the pathology. The standard extension we use is a transcondylartranstubercular extension for C2-C4 tumors (Figures 2 and 3 ). This allows additional posteroinferior and medial access to the jugular fossa, widening the exposure, thus facilitating venous and neural control. The widened angle also affords better access to the petrous apex, medial to the carotid artery. Very rarely, a far lateral is employed with full exposure of the vertebral artery. The use of a translabyrinthine extension is occasionally required for otic capsule involvement. A modified transcochlear approach is uncommonly required to access petrous apex, clival involvement, and infratemporal fossa involvement.
TRANSCONDYLAR-TRANSTUBERCULAR EXTENSION OF THE ITFA-A
The classic ITFA-A of Fisch permits only superior and anterior exposure of the JB and is indicated for class C1 and certain C2 tumors. For larger tumors, such as classes C2-C4 tumors involving the LCNs, a transcondylar-transtubercular extension is required in addition to the classic ITFA-A. This extension facilitates inferomedial access to the JB above the lateral mass of the atlas and occipital condyle. 
STEPS OF ITFA-A WITH TRANSTUBERCULAR-TRANSCONDYLAR EXTENSION
As described in the previous sections, the ITFA-A is performed. The transcondylar-transtubercular approach begins with the identification of the splenius capitis muscles. The posterior fossa dura is uncovered toward the occipital skull base in order to start drilling of the jugular process and occipital condyle. The drilling of the jugular process is commenced followed by the identification and drilling of the occipital condyle superior to the atlanto-occipital joint posteromedial to the JB. The hypoglossal canal is then identified between the jugular tubercle and the occipital condyle above the vertebral artery, if indicated.
Tumor removal is commenced at this point. The IJV is closed with vascular clips. The IJV is mobilized up to the jugular fossa by mobilizing it away from the spinal accessory nerve. The tumor is peeled away from the dura of the posterior cranial fossa. The infiltrated bone of the fallopian canal and tympanic bone is then drilled out. The tumor is debulked from the JB area. The infiltrated infralabyrinthine cells are drilled out. The sigmoid sinus is opened to expose the tumor within. The IJV is opened to expose the distal end of the tumor. The inferior petrosal sinus is packed with Surgicel ® packing. The tumor is then separated from the LCNs. The ICA is identified after extensive drilling of the bone of the vertical portion of the carotid canal and the tumor around is coagulated with bipolar coagulation. The tumor is gently separated from the wall of the ICA. Further drilling of all the suspect bone of the infralabyrinthine and apical cells is carried out until complete removal is accomplished. If required, the internal carotid artery is partially mobilized and the infiltrated clivus is drilled out. The posterior fossa dura is not opened and the intradural portion of the tumor is left behind, to be removed in a second stage. Closure of the Eustachian tube, cavity obliteration, and watertight closure of the subcutaneous and cutaneous tissues are carried out as with conventional ITFA-A.
CONSIDERATIONS IN THE MANAGEMENT OF COMPLEX TJPS
Complex TJPs, which include multiple tumors or tumors that have been previously dealt with by surgery or radiotherapy, pose unique challenges to even the most experienced skull base surgeon. The following issues need to be taken into consideration while managing such complex cases.
Large tumors
Large TJPs extend along the internal carotid artery and into the petrous apex or intradurally destroying the medial wall of the JB involving the LCNs along the way. C3 and C4 tumors are generally considered large tumors. C2 tumors can be managed using the ITFA-A, while C3 or C4 tumors can be dealt with using the ITFA-A alone or in combination with ITFA type B. If the tumor if found to involve the clivus, the occipital condyle, or the foramen magnum, the modified transcochlear approach can be used.
Large intradural extension
A large intradural extension can be managed either by a single-stage or by a twostage surgery (24) . Our experience has shown that a planned second-stage resection may be preferable in case of extensive dural involvement. The advantage of two-stage surgery is that a clear plane of dissection can be established between the tumor and the brain stem due to the devascularization of the tumor after the firststage surgery and subsequent shrinkage of the intradural mass ( Figure 4A-D) . Another reason for staging the surgery is the argument that LCNs involved with tumor would need to be sacrificed, resulting in severe cough. This would lead to an increase in intracranial pressure facilitating cerebrospinal fluid leaks (40) . We prefer to stage surgery when tumors have over 2 cm of intradural extension. For the second stage, a petro-occipital-trans-sigmoid (POTS) approach is preferred, but a modified transcochlear approach or an enlarged translabyrinthine approach may also be used.
Extension to the foramen magnum, clivus, or cavernous sinus
Tumors extending to the foramen magnum, clivus, or cavernous sinus are considered complex cases. These areas can be reached by a modified transcochlear approach or an enlarged translabyrinthine approach (37) . Drilling of the clival bone until healthy bone is reached is important to ensure total disease clearance.
Involvement of the ICA
By classification, TJPs involve the ICA due to their close anatomical proximity (8) . Dissection from the ICA can be achieved by subperiosteal dissection in the carotid canal or sub-adventitial dissection in the vertical portion (41) . However, when the artery is stenosed or surrounded to a great extent by tumor (>270 degrees), manipulation without endovascular intervention may be risky (42) . Permanent balloon occlusion (PBO) can be performed when the ICA is infiltrated by tumor, if there is evidence of adequate collateral blood flow. In case of insufficient collateral flow, it is suitable to perform an intraluminal stenting of the artery ( Figures 5A-D and 6 ). We have introduced stenting of the cervical and petrous segments of ICA since early 2003 as a method to avoid pre-operative closure of the ICA or high-risk bypass procedures and to protect the artery during surgery (43) (44) (45) (46) . Stenting of the ICA reinforces the artery and allows more aggressive carotid dissection and mobilization of the artery when necessary (24) 
Single ICA on the lesion side
In the case of a single carotid artery on the side of the lesion, the possible management options include "wait and scan," partial resection, followed by radiotherapy or total removal after preoperative reinforcement with stents (44, 47) . Bypass surgery in such patients can lead to cerebral ischemic damage; hence, stenting is considered the best option.
Vertebral artery involvement
TJPs involving the VA are extremely uncommon. Only 11 cases were reported worldwide, of which eight belong to our series. We emphasized the importance of vertebral artery involvement in paragangliomas by introducing a "V" Class to the Fisch classification (2). Therefore, the vertebrobasilar system must always be included in the angiographic assessment of TJPs planned for surgery. Apart from the assessment of the VA directly, this is also useful for detecting anastomotic connections between the external carotid and the VA, which are potentially dangerous during embolization (48) . The involvement of the V3 segment of the VA requires the employment of an extreme lateral extension to standard ITFA-A. As mentioned above, we prefer two-stage surgery in the case of large intradural extension ( Figure 7A -F).
Dominant or unilateral sigmoid sinus on the lesion side
Obliteration of the sigmoid sinus and closure of the jugular vein are almost an integral step in surgery for TJPs. However, ligation of the sigmoid sinus cannot be performed when it is the dominant or only sigmoid sinus. In fact, ligation may lead to intracranial hypertension, venous congestion, and brain edema (37) . Under such circumstances, the ipsilateral mastoid emissary vein or the condylar vein has to be preserved whenever possible. When the collateral venous drainage cannot be preserved, a more conservative treatment plan, such as partial resection with preservation of the SS, gamma knife surgery, or a "wait and scan" approach, is recommended.
Bilateral or multiple HNPs
In the management of bilateral TJPs, the possibility of bilateral deficits of important LCNs looms large and hence neural preservation is very important to achieve a good quality of life for the patient post-operatively. According to our management protocol, in patients presenting with LCN deficits on the side of the larger tumor, surgery is recommended on that side first, following which the smaller tumor is either followed up or irradiated. On the contrary, if the patients present with LCN deficits on the side of the smaller tumor, surgery is performed on the smaller tumor, following which the larger tumor is followed up with MRI. During follow-up, if the larger tumor shows evidence of growth, a subtotal resection may be performed with the preservation of LCN function or the patient may be irradiated. In patients with no presenting LCN deficit, a "wait and scan" approach is first applied. However, if the tumor shows growth, radiotherapy or subtotal removal of the tumor with LCN preservation is performed first. Subsequently, if the tumor continues to grow despite radiotherapy or surgical removal, the other remaining treatment modalities can be applied.
Recurrence after previous surgery, radiotherapy, or stereotactic radiosurgery
Any revision surgery is a challenge, as there are no normal tissue planes and surgical landmarks. Previous surgery or radiation increases the risk of cerebrospinal fluid leak and the risk of damage to the LCNs and FN (37, 42) . The carotid canal is the most common site for recurrence in TJPs, and previous dissection increases the risk of injury to the ICA. In such cases, the preoperative management of the ICA by PBO or stenting is especially important. An ITFA-A with FN rerouting is recommended in all cases.
GENETICS OF TJP
Paragangliomas have a strong genetic basis, being frequently (≈40% of the cases) associated with predisposing germline mutations in one of at least 15 nuclear genes, most relevantly SDHA/B/C/D, that encode the four subunits of succinate dehydrogenase (SDH), a nuclear-encoded mitochondrial enzyme participating in both oxidative phosphorylation and the Krebs cycle, and SDHAF2, whose product is required for SDHA protein flavination (collectively the SDHx genes) (49) . Head and neck paragangliomas are most frequently associated with mutations in SDHC and SDHD and, to a lesser extent, SDHB (50, 51) . Patients with multifocal tumors often carry SDHD mutations, but in any case the metastatic potential is low (50, 51) . Few genetic data are available for TJPs. The 41 TJP cases reported in our recent study (52) were analyzed for SDHA/B/C/D/AF2 mutations at the Veneto Institute of Oncology, Padua, Italy. The median age at surgery for this series was 47 years (15-76 years): 21 patients were males and 20 were females. Overall, germline SDHx mutations were detected in 15/41 cases (36.6%). A germline SDHx mutation was found in 14 cases, respectively, mutated in SDHA, 1 case; SDHB, 5 cases; SDHC, 6 cases; SDHD, 2 cases; SDHAF2, 1 case. Thus, the SDHx mutation frequency in our TJP subset is comparable to that of paragangliomas in general and suggests a preference for mutations in SDHC and SDHB. This may be relevant, given that SDHB mutation carriers are at higher risk of malignant paraganglioma.
DEVELOPMENTAL ORIGIN
As indicated by ultrastructural analysis, paragangliomas incorporate dysmorphic variants of the vascular (i.e., endothelial), perivascular (i.e., pericytic), glial (i.e., sustentacular), and neuroepithelial (i.e., chief) cells found in normal paraganglia ( Figure 8 ) and may therefore provide a classic example of multipotent organoid tumorigenesis (52) . In fact, our recent data, based on unique patientderived in vitro and in vivo models, indicate that head and neck paragangliomas are sustained by tumorigenic stem-like cells that engage in dysregulated histo/ organogenetic processes (52, 53) . We found that head and neck paragangliomas, including TJPs, contain stem-like cells with hybrid mesenchymal/vasculoneural phenotype that are stabilized and expanded in culture. The paraganglioma cultures depended on the downregulation of the miR-200 and miR-34 families, which we found responsible for the control of NOTCH1, PDGFRA, and ZEB1 protein expression levels (52, 53) . High levels of these proteins, which are implicated in the promotion of the epithelial to mesenchymal transition, appear to sustain paraganglioma tumorigenesis. Both paraganglioma-and cell culturederived xenografts recapitulated the typical vasculoneural paraganglioma structure. In our models, the histogenesis of the tumor tissue followed a hierarchy that originated from primitive mesenchymal-like neoplastic cells (52) . Vasculoangiogenesis appeared to be the earliest developmental phase, and neurogenesis depended on the creation of a perivascular niche. Neuroepithelial differentiation was associated with severe mitochondrial dysfunction, not present in cultured paraganglioma cells, but acquired in vivo during xenograft formation. Importantly, it may provide a therapeutic target, possibly exploitable in the clinical setting to prevent tumor recurrence after surgery. In fact, imatinib, which interferes with endothelial-mural signaling, blocked paraganglioma xenograft formation. These results were unaffected by the SDHx gene carrier status of the patient, pointing to a common mechanism of tumor origin, regardless of the heterogeneity of the paraganglioma predisposing genes (52) . Importantly, ZEB1 expression and the epithelial to mesenchymal transition, which appear to support paraganglioma development, are known to confer resistance to chemotherapy and radiotherapy, which may agree with scattered clinical evidence indicating that paragangliomas resist to these therapeutic approaches (52) .
HISTOPATHOLOGY
The data presented here are based on the literature and on the personal experience, derived from the diagnostic analysis of 94 TJP cases who underwent surgery at the Otology and Skull Base Unit, Gruppo Otologico, Piacenza, from 2002 to 2016. TJPs are usually smaller than carotid and vagal paragangliomas, and TJPs of the cassa tympani are in turn smaller (<1 cm) than those growing in the foramen jugular, at the cranial base or in the petrous bone. However, it must be said that only few TJP cases come to pathologists as sizeable tumor masses. In fact, the use of preoperative embolization and electrosurgery to reduce intraoperative bleeding and the piecemeal excision strategy necessary to remove tumor tissue growing within hard bone and along vessels and nerves make fragmentation and surgical artifacts unavoidable. The size of these fragments typically varies from a few millimeters to over 2 cm, exceptionally up to 5 cm in the major axis. The consistency is typically rubbery, but bone particles may be present and, if so, decalcification treatment may be mandatory. The very fact that most pathology specimens consist of irregular and partially necrotic fragments, crushed and altered by thermal injury, makes intraoperative diagnosis challenging, which explains why it is generally not requested. On the other hand, the pathologist is often asked only to confirm a diagnosis already proposed with a high degree of probability by the surgeon. Intraoperative diagnostic questions which impact on the surgical strategy arise only rarely, and mostly in cases with peculiar presentation (e.g., abnormal extension into the petrous part of the temporal bone, into and/or along the dura mater, or in the middle and external ear).
As other paragangliomas, TJPs generally show a well-defined organoid structure (54) . The distinctive morphological units are classically defined as "zellballens," due to their appearance in histological sections, where they present as nests or ribbons of relatively homogeneous, tightly compacted nests of epithelioid cells (chief cells) separated by a lace of vessels and/or fibrous tissue ( Figure 9A ). As highlighted using transmission electron microscopy (Figure 8 ), the zellballens are peripherally delimited by a thin rim of elongated glia-like nurse (sustentacular) cells, not easily recognizable by morphology but readily identifiable with an IHC reaction for S100 ( Figure 9B-C) . These cells surround the zellballens with their thin cytoplasmic extensions that may also insinuate within, sustaining and supporting the chief cells (53) . Some peculiar features appear to be more frequent in TJPs than in other paragangliomas. These include the following: (i) the zellballens tend to be less uniform in size and are frequently smaller, (ii) the chief cells tend to be smaller (55), (iii) there is frequent evidence of bone infiltration, and (iv) the tumor tissue tends to be more vascular (54) .
With regard to 3D structure, it is evident that the zellballens are not isolated, but form a continuous reticulum where single tracts are of variable thicknesses. This can be easily appreciated with immunostaining reactions for chief cells (e.g., chromogranin A, synaptophysin), for sustentacular cells (e.g., S100), and for endothelial cells (e.g., CD34).
Fibrosis or sclerosis, a common feature in TJPs (54), usually occupies 5-25% of the tumor section area, although it may occasionally extend up to 80% and may distort the zellballens, simulating invasive carcinoma (53) . Thus far, a sclerosing paraganglioma variant has been described mainly in mediastinal locations (57) . Some TJPs mimic vascular lesions (hemangioma or hemangiopericytoma) (56) in that they present ectatic vessels, apparently devoid of blood due to surgical manipulations but prominent relative to the zellballens (54) .
We never observed in our TJP series the peculiar small cell variant with "neuroblast-like" cells and fibrillar matrix, interpreted as a composite neoplasm, that is, paraganglioma with a neuroblastic component (54) . Using light microscopy, we also never found evidence of the pigmented variety, characterized by lipofuscin or melanin accumulation. This variant was reported in various paraganglioma locations, including the vagal one, but not in the tympano-jugular area (58) . However, using electron microscopy, we always detected in our TJP series evidence of lipofuscin generation in the form of oxidized lipid droplets, particularly in sustentacular cells ( Figure 8 ).
As mentioned above, histological evidence of bone infiltration is nearly constant (70% of the cases in our series) and may not point to particularly aggressive tumor potential. On the other hand, massive necrosis and hemorrhage are rare (4% in our series) and may correlate with infiltration of large vessels and/or preoperative embolization. In fact, common iatrogenic features include focal or extensive necrosis, granulomatous reactions, and/or crushing and burning artifacts, which, when massive, make morphological diagnosis difficult or impossible.
Chief cells are homogeneous, round or oval, with a round nucleus, inconspicuous nucleolus, and granular cytoplasm, variably staining from amphophilic to pink. On histological sections, their diameter varies from 7 to 30 µm, being most frequently in the 12-15 µm range. Sometimes, probably due to iatrogenic artifacts, the chief cells appear even smaller, with dark nucleus and poorly evident, shrunken cytoplasm on an empty background. Chief cells may also exhibit extensive cytoplasmic vacuolization (clear cell change) (56) . Very large isolated cells ("atypical cells") with vesicular, hyperchromatic, or even vacuolated nuclei are seen in a significant fraction of cases (18% in our experience) and their relevance is debated, although they are clearly not reliable as indicators of potential malignant behavior (54, 56, 59, 60) . Mitoses are generally rare (<1 in 10 highpower microscopic fields) (56) and in our experience are practically absent. Chief cells constantly show strong and diffuse immunoreactivity for synaptophysin, even in the presence of extensive artifacts. Chromogranin and vimentin staining are also characteristic, even if variable in different fields, which is also the case for other neuroendocrine markers, such as CD56 and NSE. The occurrence of paragangliomas negative for both chromogranin A and B has been reported (59) . In a few cases, chief cells are stained with S100, as sustentacular cells. As other paragangliomas, TJPs are always negative for cytokeratins (60) .
In our experience, the number of sustentacular cells is highly variable (from 0 to 60/HPF) ( Figure 9B-C) , with an average of 25 cells/HPF. Cases with abundant sustentacular cells tend to show very small zellballen diameters, down to microsheets of a single chief cell encircled by a single sustentacular cell. These patterns are difficult to interpret in terms of clinical significance. In fact, in a single case of lymph node metastasis, we found that the number of sustentacular cells ranged from 0 to 21 per high magnification field (400x).
The proliferative index, as determined with Ki67 immunostaining, is usually low, varying from 1 to 2%; only rare cases have higher proliferative indexes, ranging from 3 to 7%.
According to the literature (56, 59, 61, 62) , there are no established clinical, histological, or immunohistochemical criteria that predict the biological behavior of TJPs. In fact, nuclear pleomorphism, mitotic activity, necrosis, or vascular or perineural invasion can be found in the so-called "benign" forms, as in the rare cases that metastasize to distant sites (60) . Even immunohistochemistry for the proliferation marker Ki67, useful and applied in many neoplasms, is of no help, as it can result very low even in metastatic cases and there is no standardized cutoff value for its interpretation. Therefore, malignancy can be established only by the occurrence of lymph node and/or distant metastases ( Figure 9D ). The overall reported frequency of metastases in head and neck paragangliomas is less than 5% (59), but in TJPs it seems to be lower, possibly 2-4% (63) . In a review of 53 metastatic cases, metastases involved, in order of frequency, bone, lungs, lymph nodes, liver, and other locations, and they presented up to 30 years after initial treatment (64) However, recent studies have clearly indicated that head and neck paragangliomas that harbor SDHB gene mutations are more prone to develop metastases (61). Thus, immunostaining for the SDHB protein has become a fundamental screening tool. The high sensitivity (84-100%) and specificity (74-85%) of SDHB immunohistochemistry has been confirmed in various important studies (65) (66) (67) . In cases not mutated for any of the SDH genes, the immune reaction for the SDHB protein stains with high intensity all the paraganglioma tissue components, including chief, sustentacular, and vascular cells ( Figure 9E ), while SDHB immunostaining results negative in the chief cells of the cases harboring mutations not only in SDHB but, with less consistency, also in SDHA, SDHAF2, SDHC, and SDHD (65) ( Figure 9F ). Similarly, in non SDHA mutated cases, SDHA immunostaining marks all cell types, including chief cells ( Figure 9G ), while the rare cases harboring an SDHA mutation show loss of SDHA immunostaining in chief cells ( Figure 9H ) (59) . In the subset of our TJP series thus far analyzed for SDHB immunohistochemistry, we found SDH gene family mutations, concordant with SDHB loss, in nearly 40% of the cases (27/69) and of SDHA mutations in only 2.8% (2/69) of cases. So far, only 1 of the 27 cases positive for SDHB mutation has metastasized. Histopathologically, the differential diagnosis of TJP includes the tumors more frequently encountered in the specific TJP location: in the jugular and intracranial region meningioma (68), schwannoma (23) , and even the rare meningeal hemangiopericytoma; in the acoustic channel middle ear adenoma (54) , which often shows endocrine differentiation. Unusual neoplasms that should also be considered include endolymphatic sac tumor and metastatic lesions, particularly from renal cell carcinoma (54) , melanoma, and salivary gland carcinomas. Finally, given that paragangliomas can occur even in intra/parasellar locations (69), hypophyseal adenoma might have to be considered in differential diagnosis. Apart from morphology, combined immunohistochemistry for synaptophysin, S-100 and cytokeratin usually resolves diagnostic doubts.
CONCLUSION
Paragangliomas are sluggish, generally slow-growing tumors that rarely metastasize and are thus considered of benign nature. However, they steadily grow along the regional neurovascular bundles, are highly infiltrating, and appear to be resistant to radiotherapy/chemotherapy (52) . Therefore, surgery remains the mainstay of treatment. This is particularly challenging for TJPs, which arise at the skull base and necessitate particular surgical skills, available only at few highly specialized centers. We covered in this chapter the technical developments and the novel approaches that, in the last two decades, made curative surgery of TJPs possible. Nonetheless, there is a need to develop new paradigms of treatment for inoperable, recurring, or metastatic TJPs. This requires a thorough understanding of the etiology of paraganglioma, where factors, both genetic and environmental, that impact mitochondrial metabolism and cellular differentiation appear to be implicated (52) . Importantly, preclinical evidence suggests that treatments that interfere with vasculogenesis may prevent paraganglioma formation in a murine xenograft model (52) . This might open the way for the development of postsurgical therapies aiming at the prevention of disease recurrence (52) . Further research is needed to build up knowledge and tools that could allow further and hopefully decisive improvements in the prevention and therapy of TJPs and of paragangliomas in general.
